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Abstract. In order to identify the successive stages of developing the hierarchy of multiscale 
mechanisms of dynamic straining, the shock-induced mesostructure formation is studied in 
combined experiments. Shock tests of two kinds of aluminum alloy, 1561 and 1565 alloys 
were conducted in parallel in two regimes of loading: (i) under uniaxial strain conditions and 
(ii) in high velocity penetration. Combination of loading regimes allows the correlation in 
formation of multiscale structure depending on strain rate and scheme of shock loading to be 
traced for both alloys. Formation of mesoscale-1 (1-10 µm) is initiated by the particle velocity 
pulsations resulted from space polarization of dislocation structure.  
In 1561 aluminum alloy the structural elements of mesoscale-2 (50-150 µm) are the result of 
grouping the microshears, whereas in 1565 alloy the mesostructure is the fault formations 
localized near the boundary of penetration cavern. The strength behavior of both kinds of 
aluminum alloy proves to be opposite - when resistance to penetration increases, the spall 
strength decreases.  
Keywords: shock loading, multiscale dynamic deformation, high velocity penetration, 
structural instability, spallation 
 
 
1. Introduction. 
Incorporating the multiscale mechanisms of deformation into description of shock wave 
processes is thought to be increasingly important. When occur, the multiscale mechanisms 
include a formation of intermediate scales between macroscale and microscale followed by 
transient non-equilibrium processes with an attendant transitions from one scale to another. 
Detailed study of mesoscopic and microscopic levels are now required for the formulation of 
better models for the macroscopic description of shock phenomena.  At least three scales of 
dynamic deformation have been recognized for over several decades: dislocation scale, 
mesoscale and macroscale. As for dynamic deformation, two mesoscale sublevels are found: 
mesoscale-1 (1-10 µm) and mesoscale-2 (50-500 µm) [1]. The transient processes of 
multiscale dynamic deformation flow in the form of particle velocity fluctuations at each scale 
level. Modeling of elementary carriers of dynamic deformation as grouping the initially 
continuously distributed dislocations has been conducted in [2]. Such organized mesoparticles 
are shown to be nucleated in form of short-living particle accumulations whose chaotic 
motion in shock wave results in particle velocity pulsations. The velocity pulsations at the 
mesoscale-1 in the form of particle velocity distribution have been theoretically and 
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experimentally studied in [3-5]. According to approach developed in [5], the shock-wave 
front can be presented in form of two-scale configuration including both the mesoscale-1 and 
mesoscale-2 (Fig. 1). Thus, locally, the front propagates in a pulsating manner with an 
average velocity Vmacro as determined from equilibrium consideration of the global 
conservation laws. Herewith, the experimental technique allows both the average free surface 
velocity at the mesoscale-2, ums2, and particle velocity dispersion, Dms1, at the mesoscale-1 to 
be registered in real time. In this case, the average particle velocity concerns the motion of 
single element of mesoscale-2 whilst the velocity distribution is measured inside that element. 
It should be noted that idealized one-dimensional configuration of shock front shown in Fig. 1 
reflects the effect only longitudinal components of particle velocity distribution. At the same 
time, the molecular dynamic simulations demonstrate the presence of transverse components 
of comparable amplitude [6]. 

In parallel, the shock-wave experiments under uniaxial strain conditions with using the 
Line Imaging VISAR (LIV) registration reveal the velocity fluctuations at the mesoscale-2 for 
tantalum [7] and boron ceramics [8]. These experiments reveal a direct coupling of the 
particle velocity distribution at the mesoscale-2 with the mechanism of spallation.  

Further, simulation of shock-wave propagation with taking into account the particle 
velocity distribution at the mesoscale has been conducted in [9-11]. The significant result of 
simulation is a discovery of threshold particle velocity at which the material (polycrystalline 
copper) transits into structure unstable state whilst the mechanism of dynamic deformation 
changes from uniform to turbulent. 

 

 
Fig. 1. Space-velocity U-L configurations of multiscale shock front 

 
In the present paper, in order to identify the successive stages of developing the 

hierarchy of multiscale mechanisms of dynamic straining, the mesostructure formation is 
studied in combined experiments. A critical step in having an efficient picture of multiscale 
processes is a parallel application of two schemes of shock loading. The first scheme is the 
test under uniaxial strain conditions and the second scheme is the high-velocity penetration of 
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elongated rigid rods. Further, the experiments include the shock tests of two materials,  
1561 and 1565 aluminum alloys the quasistatic mechanical characteristics of which are not 
too different. In high-velocity penetration of rods with plane nose, the impactor faces two 
mechanisms of resistance to penetration: (i) forehead resistance of plane nose and (ii) friction 
resistance of side region of rod. In shock tests under uniaxial strain condition, the target 
suffers only forehead resistance. Comparison of results in both schemes allows the forehead 
and side resistance of elongated rod to be separated if a need arises.  
 
2. Experimental techniques 
To provide a comprehensive analysis of shock tests results, the experiments for each kind of 
material were conducted in parallel in two schemes of shock loading. The tests under uniaxial 
strain conditions were conducted with one-stage light gas gun of 37 mm barrel diameter. 
Plane targets were the discs of 52 mm in diameter and 7 mm thick. Data on dynamic strength 
and plasticity of material, including dynamic yield limit, spall strength and threshold of 
structural instability under shock compression were inferred from the temporal profiles of the 
free surface velocity, ufs(t), which are registered with the interferometer [3,4]. To date the 
interference is one of the widely used experimental techniques, which allows to measure the 
mean free surface particle velocity and is the only technique for registering the particle 
velocity distribution. The quantitative characteristic of particle velocity distribution is the 
velocity variance (square root of the particle velocity dispersion). The free surface velocity 
profile in 1561 aluminum alloy target shown in Fig. 2 is a typical for metals deformed under 
uniaxial strain conditions. This profile provides an information on mean free surface velocity, 
ufs(t), and velocity variance, D(t), at the mesoscale-1 (0.1-10 µm). 
 

 
Fig. 2. Free surface velocity profile, ufs(t), and particle velocity variance profile, D(t), for 

1561 aluminum alloy target shocked at the impact veloctiy of 442.5 m/s 
 

One of the basic characteristic of dynamic deformation, which reflects a transition of 
material into structure-unstable state is a defect of particle velocity which is determined as a 
difference max( )def imp fsU U U∆ = −  between velocity of impactor under symmetrical collision 
and maximum free surface velocity at the plateau of compressive pulse (Fig. 2). In our 

760 Yu.I. Meshcheryakov, G.V. Konovalov, N.I. Zhgacheva, A.K. Divakov, E.P. Osokin



approach, the maximum free surface velocity maxfsU = f(Uimp) at which the velocity defect 
begins to increase drastically is defined as the threshold of structural instability, Uinst. 
Instability threshold characterizes the beginning of shock-induced structural heterogenization 
of material. This dynamic characteristic can be obtained upon the series of free surface 
velocity profiles registered under uniaxial strain conditions.  

The high velocity penetration tests were performed with the same facility. To provide 
the perpendicularity relatively plane target, the rod of 20 mm in length and 5 mm in diameter 
is mounted into poly-vinyl-carbonate sabot (Fig. 3b). The conditions for "rigid rod and 
target" [12] are provided by using the high-strength 02X18K9M5-VI maraging steel as a 
material for rod. The typical penetration cavern in 1561 aluminum alloy target is shown in 
Fig. 4. 

 

  
a)                            b) 

 

Fig. 3. Impactors for tests under uniaxial strain conditions (a)  and penetration tests (b) 
 

 

Fig. 4. Penetration cavern in 1561 aluminum alloy at the impact velociy of 450 m/s 
 
The tests on penetration allows an evolution of microstructure to be traced depending on 

the strain rate.  For that, the post shocked targets cut along the wave propagation direction and 
after polishing and etching were investigated with optical microscope  
Axio-Observier Z-1m. The quasistatic characteristics of materials are provided in Table 1. 

Table 1. Mechanical characteristics of 1565 and 1561 aluminum alloys 

Alloy Target thickness, 
mm 

σb, 
MPa 

σ02, 
MPa 

δ, 
% 

Al 1565 7 363 221 15.8 
Al 1561 7 353-354 217-224 17.8-18.8 
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3. Experimental results and analysis  
Structural instability threshold and spall strength. To reveal the influence of initial 
morphology of material on threshold of structural instability, a series of shocks under uniaxial 
strain conditions within impact velocity range of 250-750 m/s was performed for both alloys. 
In Fig. 5 the dependencies of maximum free surface velocity, Ufsmax, for 1561 and  
1565 aluminum alloys are plotted as functions of impact velocity. The dash line corresponds 
to the equality of impact velocity under symmetrical collision and maximum free surface 
velocity at the plateau of compressed pulse (Uimp = Ufsmax).  The data on maximum free 
surface velocity as function of impact velocity for each material are approximated with good 
accuracy by two straight lines directed at different angles to the axis of coordinates. The 
particle velocity corresponding to change of the slope of dependence Ufsmax = f(Uimp) is 
accepted to be the threshold of structural instability of material. For 1561 aluminum alloy, the 
critical change of maximum free surface velocity happens at the impact velocity of 522.9 m/s 
(instability threshold Uinst is indicated with symbol * for 1561 alloy and symbol **) for 
1565 alloy). For 1565 aluminum alloy, the critical change of slope for the maximum free 
surface velocity happens at the impact velocity of 625.3 m/s. The structural instability 
thresholds are seen to differ by 16 %: 506.3instU = m/s for 1561 aluminum alloy and  
Uinst  = 588.7 m/s for 1565 alloy. Thus, the threshold of structural instability proves to be 
highly sensitive to initial morphology of material.  

 

 
Fig. 5. Dependencies of maximum free surface velocity on impact velocity for 

1561 aluminum alloy (1) and 1565 aluminum alloy (2). Thresholds of structural instability are 
indicated by symbol *) for 1561 alloy and symbol **) for 1565 alloy 

 
It is of interest to first compare the plastic front velocity behavior for both alloys below 

and beyond of instability threshold. The value of plastic front velocity is determined from the 
free surface velocity profile as  
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where ht is the target thickness, Cpl is the velocity of plastic front, Cel is the longitudinal elastic 
velocity, Δt is the delay of plastic front relatively elastic precursor. In accordance with 
[13,14], the value of Δt is measured as a difference in temporal positions of plastic front and 
elastic precursor midpoints. In Fig. 6 the dependencies of plastic front velocities on impact 
velocity for both alloys are plotted together. The maximum value of the plastic front velocity 
for 1561 aluminum alloy is seen to be much smaller as compared to 1565 alloy. For both 
alloys the plastic front velocity stops to grow just after transition of material into structure-
unstable state. 
 

 
Fig. 6. Dependencies of plastic front velocities on the impact velocity for 1561 (1) and  

1565 (2) aluminum alloys 
 

The second dynamic strength characteristic of materials registered in tests under 
uniaxial strain conditions is the spall strength. Dependencies of spall strength on impact 
velocity for 1561 and 1565 aluminum alloys are presented in Fig. 7. Comparison of spall 
dependencies for alloys allows the following conclusions to be done:  

- dependencies of spall strength on impact velocity for both materials are non-
monotonous; 

- the  mean value of spall strength for 1561 aluminum alloy is higher than that for  
1565 alloy.  

Maximum impact velocity which could be registered in shock tests for 1561 alloy 
doesn't exceed Uimp = 522.9 m/s. At higher impact velocities, the laser beam of interferometer 
reflected from the free surface of target is scattered, so the fringe signal disappears.  

In Figure 8 the fringe signals for both kinds of alloys are provided. According to 
working principle of the interferometer, irreversible displacement of fringe signal to upper 
level means a loss of intensity of laser beam of interferometer reflected from the free surface 
of target [15].  
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Fig. 7. Dependencies of spall strength on impact velocity for 1561 (1)  
and 1565 aluminum alloys (2) 

 

 
 

a)                                                        b) 
Fig. 8. Fringe signals for 1565 aluminum alloy (a) and 1561 alloy (b) loaded at the impact 

velocity of ~ 650 m/s 
 

The loss of interference signal occurs only for 1561 alloy. The reason for loss of fringe 
signal becomes clear after comparison of spall strength ( )impW f U=  with the maximum free 
surface velocity max ( )fs impU f U= behavior (Fig. 9), on the one hand side, and data on 
microstructural investigations of post shocked specimens, on the another hand side (Fig. 10). 
Dash line in Fig. 9 indicates the maximum impact velocity at which the spall strength could 
be registered for 1561 alloy. This impact velocity corresponds to break on the curves  
Ufsmax  = f(Uimp) (points D and D’) when the material transits into structure unstable state. 
According to microstructural data, for 1561 alloy this state is characterized by rotation motion 
of medium (Fig. 9a), which results in loss of the reflective ability of the free surface of target. 
In this situation, the fringe signal cannot not be registered at the impact velocity higher 
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522.9 m/s, so the spall strength for that material cannot be measured. As for the 
1565 aluminum alloy, dynamic deformation flows in form of translational motion of structural 
elements of mesoscale-2 (Fig. 10b). The spallation 1565 alloy flows in the form of cleavage.  
In this case, the chaotic scattering of laser beam at the free surface of target is absent and free 
surface velocity profile can be registered within overall range of impact velocities. Such 
behavior of inner structure of 1565 alloy is related to texture of material which prevents to 
rotational motion of structural elements.  

 

 
Fig. 9. Maximum free surface velocity (1) and spall strength (2) versus impact velocity for 

1561 aluminum alloy 
 

       
a)                                                                 b) 

Fig. 10. Morphology of spall zone in 1561 (a) and 1565 (b) aluminum alloy targets 
 

In Figure 11 the dependencies for maximum free surface velocity at the plateau of 
compressive pulse, Ufsmax, and spall strength, W, on the impact velocity for 1565 aluminum 
alloy are plotted. Both the spall strength and maximum free surface velocity dependencies are 
non-monotonous, the breaks happen at the identical impact velocities (indicated with dash 
lines). This means that the internal processes responsible for dynamic deformation and 
strength for both cases are mutual related. After achieving the instability threshold value of 
588.7 m/s at the impact velocity of 625.3 m/s, the spall strength decreases up to minimum for 
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this material value of ~120 m/s. This result testifies that spall strength is determined by the 
processes at the first front and plateau of compressive pulse and cannot be considered as 
tensile strength of material. 

 

Fig. 11. Dependencies of spall strength, W, (1) and maximum free surface velocity, Ufsmax,  
(2) on the impact velocity for 1565 aluminum alloy 

 
Structural instability threshold and high velocity penetration. Resistance to high 

velocity penetration is characterized by the value of penetration depth and by the slope of 
curve L= f(Uimp) - the smaller the slope of curve, the higher the resistance to penetration. 
Dependencies of penetration depth on impact velocity, ( )impL f U= , are provided in Fig. 12. 
Both materials show practically identical resistance to penetration up to impact velocity of 
650-690 m/s after what the resistance to penetration for 1561 aluminum alloy decreases 
whereas for 1565 alloy the resistance to penetration increases. The breaks at curves are 
indicated by symbol *) for 1561 aluminum alloy and symbol **) for 1565 alloy. Such behavior 
reflects the fact that usage of 1565 aluminum alloy as defense material is preferable at high 
region of impact velocities under investigation. 

In Figure 13 the penetration depth curve L = f(Uimp) for 1565 aluminum alloy  is plotted 
together with the dependence of maximum free surface velocity Ufsmax= f(Uimp). The 
comparison of curves shows that correlation between these processes really exists. The 
dependence Ufsmax= f(Uimp) determined on the basis of uniaxial strain conditions suffers two 
breaks - at the impact velocities of 440 m/s and 653.5 m/s. The dependence of penetration 
depth also suffers two breaks - at the impact velocities of 440 m/s and 677.7 m/s. The critical 
changes of penetration dependence slope happen just at the strain rate where the breaks of 
dependence Ufsmax= f(Uimp) occur (dash lines in Fig. 13). Such behavior of curves evidences 
the common mechanism of interaction of impactor with the inner structure of target in tests 
under uniaxial strain conditions and rigid rod during the high velocity penetration. It should 
be noted that two breaks at high region of impact velocities in both schemes of loading also 
happen at close impact velocities - 653.5 m/s in plane tests and 677.7 m/s in penetration tests. 
This means that both breaks are of the same nature - forehead resistance to deformation and 
fracture.  
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Fig. 12. Dependencies of penetration depth, L, on the impact velocity for 1561 (1) and  

1565 (2) aluminum alloys 
 

 
Fig. 13. 1 - dependence of maximum free surface velocity, Ufsmax; 2 - dependence of 

penetration depth, L, on impact velocity for 1565 aluminum alloy 
 

Spall strength and resistance to high velocity penetration. Now let us consider a 
correlation between spall strength and resistance to penetration. The dependencies of spall 
strength, W, and penetration depth, L, on the impact velocity for 1565 aluminum alloy are 
presented in Fig. 14. The correlation of the processes flowing during uniaxial dynamic 
compression and high-velocity penetration is seen to be evident. Within pieces AB and BC of 

penetration depth curve, the slope of curve changes at point B: BCAB

imp imp

dLdL
dU dU

< . The resistance 

to penetration within piece AB of curve (2) is seen to be higher as compared to that for piece 
BC. At the same time, the spall strength curve shows the opposite trend. Within the piece A'B' 
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the spall strength decreases from 137.8 m/s to 117.3 m/s. After point B', within piece B'C' 
' ' ' 'B C A BdW dW

du du
> , which means that spall strength increases with the impact velocity 

increasing.  Both critical changes of the material response happen within impact velocity 
range of 400-440 m/s. Analogous  situation is seen after the second critical impact velocity of 
~ 630 m/s - within piece CD of penetration curve (2) the slope of curve decreases: 

CD BCdL dL
du du

<  , i.e. the resistance to penetration within CD increases. Within the same range of 

impact velocities, about 600-653 m/s, the spall strength decreases (see curve (1)) Thus, within 
impact velocity range of 240 - 653 m/s the strength behavior of 1565 aluminum alloy in two 
schemes of shock loading proves to be opposite - when resistance to penetration increases, 
the spall strength decreases. 
 

 
Fig. 14. Dependencies of spall strength (1) and penetration depth (2) on the impact velocity 

for 1565 aluminum alloy 
 

The analogous correlation between spall strength and resistance to penetration is seen 
for 1561 alloy. Dependencies ( )impL f U= for 1561 alloy are presented in Fig. 15.  

For the pieces AB and BC of penetration curve BCAB dLdL
du du

< , which means that 

resistance to penetration within piece AB greater than that for piece BC. Within piece A'B' the 
spall strength ( )impW f U=  decreases whilst within piece B'C' the spall strength increases. 

Finally, within pieces BC and CD BC CDdL dL
du du

< . On the basis of above analysis it may be 

concluded that mutual behavior of spall strength and resistance to penetration for 1561 
aluminum alloy turns out to be analogous that for 1565 aluminum alloy - when the resistance 
to penetration increase, the spall strength decreases. 
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Fig. 15. Dependencies of spall strength (1) and penetration depth (2) on the impact velocity 

for 1561 aluminum alloy 
 

4. Microstructural investigations 
1561 Aluminum alloy. In Figure 16 the micrographs of initial state of grain structure for both 
alloys are presented. The inner structure for alloys is seen to differ very much - the grain 
structure of 1561 aluminum alloy consists of equal-axis  grains whereas structure of 
1565 alloy contains the elongated grains - texture. 
  

       
a)                                                                 b) 

Fig. 16. Initial structural states of 1561 (a) and 1565 (b) aluminum alloys 
 

In Figure 17 the morphology of lateral region of cavern in 1561 aluminum alloy loaded 
at the impact velocity of 328 m/s is shown. This state of structure corresponds to impact 
velocity of higher the impact velocity at which the break at the dependence L=f(Uimp) 
happens. The numerous microshears oriented along the direction of impact are clearly seen. 
Nucleation of microshears evidences a transition to new kinematical mechanism of dynamic 
deformation - instead of uniform deformation, the non-uniform deformation in form of shear 
banding at the mesoscale-1 is initiated. Formation of above meso-shears is a typical dynamic 
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effect [16-20]. In the case of dynamic straining, the mesostructure is the totality of short-
living formations - mesoparticles. A distinctive feature between mesoparticles is the 
difference in velocities. A driving force for nucleation of dynamic meso-shears is the 
mesoparticle velocity pulsations, the quantitative characteristic of them being the particle 
velocity dispersion D2. Nucleation of dynamic mesoparticles is speculated to be the result 
from the shock-induced space polarization of dislocation structure [19].   
  

 
Fig. 17. The morphology of lateral region of cavern in 1561 alloy loaded at the impact 

velocity of 328 m/s 
 

 
Fig. 18. Dependence of penetration depth on impact velocity for 1561 aluminum alloy 

 
The living time of dynamic mesoparticles in aluminum is found to be of the order of 

Δt ≈ 200 ns [2], whilst the value of the velocity variance (square root of the particle velocity 
dispersion) in 1561 aluminum alloy equals D ≈ 45 m/s (see Fig. 2). Then the mean size of 
meso-shear equals L = D·Δt = 45(m/s)·200(ns) ≈ 9 µm, which corresponds to structural 
pattern shown in Fig. 16. In accordance with classification of [1], this size corresponds to 
mesoscale-1. In Fig. 19-20 three stage of microstructure evolution at the lateral zone of 1561 

0

2

4

6

8

10

12

0 200 400 600 800

Pe
ne

tra
tio

n 
de

pt
h,

 m
m

 

impact velocity, m/s 

A 

B 

C 

D 

770 Yu.I. Meshcheryakov, G.V. Konovalov, N.I. Zhgacheva, A.K. Divakov, E.P. Osokin



aluminum alloy target are presented. With the increase of impact velocity, the meso-shears are 
seen to unite into elongated groups (region BC in Fig. 18) and further into elongated cells. 
The maximum resistance to penetration is realized in region AB where uniform dynamic 
deformation flows. With the beginning of meso-shearing, the resistance to penetration 

decreases: BCAB

imp imp

dLdL
dU dU

< . This range of impact velocity corresponds to region BC. Minimum 

resistance to penetration for 1561 aluminum alloy corresponds to region CD: CD BC

imp imp

dL dL
dU dU

< , 

i.e. after ultimate formation of mesoscale-2 in form of elongated cells (Fig. 20).  
 

       
 

Fig. 19. Initial stage of structure formation at the mesoscale-2 (Uimp  =  426 m/s); 1 – cavern;  
2 – zone near the cavern bank; 3 – mesoflows concisting of microshears thickening;  

4 – embryios of mesoflows; 5 –free zone 
 

       

Fig. 20. Final stage of structure formation at the mesoscale-2 in 1561 aluminum alloy  
(Uimp = 677 m/s). 1 – region of cavern; 2 – region of  microshears thickening near the bank of 

cavern; 3 – region of mesostructure formation; 4 – region of mesoslows; 5 – free region 
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1565 aluminum alloy. In Figure 21 together with dependencies for penetration depth 
L=f(Uimp), three states of structure for different impact velocities for 1565 aluminum alloy are 
presented. Because of texture, in this material the cell formations cannot be nucleated. For 
comparison, in Fig. 22 the states of structure for 1561 and 1565 aluminum alloys are 
presented. In 1561 alloy at the impact velocity of 645 m/s the microshears join into wide 
shears and elongated cells of mesoscale-2 (Fig. 22a) whereas in 1565 alloy the microshears 
remain within boundaries of elongated grains (Fig. 22b). 

Nucleation of meso-shears in 1561 alloy results in decreasing the resistance to 
penetration – after impact velocity of 645 m/s the slope of penetration curve increases (region 
CD in Fig. 18). At the same time, in 1565 alloy the texture prevents to nucleation of meso-
shears, which results in increasing the resistance to penetration – after impact velocity of 
650 m/s the slope of penetration curve decreases (region CD in Fig. 21). 
 

     

a) Region AB                      b) Region BC                        c) Region CD 
 

Fig. 21. Three regions of penetration behavior for 1565 alloy depending on impact velocity 
 

The most noteworthy feature of post shocked 1565 aluminum targets is the presence of 
the highly regular fault structures. Where observed, the fault structures occupy the bank of 
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cavern in regions AB and CD of penetration curve in Fig. 17a. Simultaneously the resistance 
to penetration increases, which results in decrease of the slope of penetration curve. At the 
same time, the regular faults are absent within range of impact velocities of BC, where the 
structure of post shocked material is uniform while the resistance to penetration decreases. It 
may be concluded that from the point of view of resistance to penetration, the 1565 aluminum 
alloy turns out to be more preferable at upper region of impact velocities as compared to 
1561 alloy. At the same time, as in Fig. 10 shown, the spall strength of 1565 alloy at the upper 
region of impact velocities decreases. 
 

       
a)                                                                          b) 

Fig. 22. Uniting the microshear into elongated cells in  lateral zone of penetration in 
1561aluminum alloy (a); microshears localized inside the grain boudaries of texture in 

1565 aluminum alloy (b) 
 

5. On the resonance excitation of mesoscale  
At the impact velocities used, diagnostics with a time resolution of the order of part of 
nanosecond is sufficient to reveal the internal structure of plastic wave. Specifically, in our 
experiments, the time resolution of equipment allows to reveal the oscillation structure of 
plastic front. Previously, the plastic front oscillations have been fixed in copper [21] and 
theoretically described in [21,22]. Where observed, the oscillations are excited at the top of 
plastic front. At that position the latter transits into plateau of compressive pulse. This is 
thought to correspond to transition of dynamic deformation from mesoscale-1 to mesoscale-2. 
Figure 23 demonstrates the oscillations in 7 mm 1561 aluminum alloy target loaded at the 
impact velocity of 590 m/s. The oscillations are seen only at the impact velocities higher the 
threshold of structure unstable transition, Uinst. This allows to suppose that excitation of 
oscillations and non-equilibrium transient processes are mutual coupled phenomena with an 
attendant transition of material into structure unstable state. The mean period of oscillations of 
~ 2 ns corresponds to space period of 10 µm, which coincides with the mean size of micro 
shear of meso-1 (3-12 µm). Thus, while the mesoscale-1 structures are nucleated owing to 
particle velocity pulsations, the meso-2 cell-structures are initiated due to resonance 
interaction of meso-1 structures with the plastic front oscillations.     
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Fig. 23. Free surface velocity profile, ufs, for 7 mm 1561 aluminum alloy target loaded at the 

impact velocity of 590 m/s 
 

6. Conclusions  
1. Shock tests of two kinds of aluminum alloy in two schemes of loading reveal different 
mechanisms of mesostructure formation depending on initial morphology of material, scheme 
of shock loading and strain rate. In 1561 aluminum alloy the formation of mesoscale-1  
(3-12µm) flows by means of nucleation of mesoshears oriented  in the wave propagation 
direction. With the increase of strain rate the mesoshears are  gradually united into cell-
structures of mesoscale-2 (100-150 µm). 
2. Formation of microhears and cell structures decreases the resistance to high velocity 
penetration. In 1565 aluminum alloy, because of the texture, formation of cell structures is 
supressed. In this situation, resistivity to penetation is determined by the fault structures 
nucleated at the boundary of cavern.  
3. At the upper region of impact velocities, 1565 aluminum alloy reveals the increased 
resistivity to penetation as compared to 1561 alloy.  
4. Within impact velocity range of 250 - 750 m/s the strength behavior of alloys proves to be 
opposite - when resistance to penetration increases, the spall strength decreases.  
5. The threshold of structural instability is found to be highly sensitive to initial morphology 
of material: 506.3instU = m/s for 1561 aluminum alloy and Uinst  = 588.7 m/s for 1565 alloy. 
6. Transition one scale to another happens under resonance conditions for mesostructural 
elements and plastic front oscillations.   
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